One of the possible approaches to a new method of cryopreservation seems to be the controlled formation of a multitude of small crystals in an object, which, due to their size, will not damage cellular structures. Managing the crystal formation, given the stochastic nature of the process, is an extremely difficult task. Theoretically, it is simplified if there is a sufficient number of changeable physical parameters, affecting the process. From this point of view, the use of ice-like gas hydrates for the purposes of cryopreservation seems to be a promising option. We investigated the process of growth of xenon gas hydrates via standard microscopy under different conditions using the specialized optical cell for observation at elevated pressures. The formation of crystals was observed in the system "supercooled liquid-xenon-water vapor" at negative, near-zero and positive values of temperature, and pressure of xenon up to 8 atmospheres. The morphology of xenon hydrate crystals observed in the experiments was analyzed and classified into five categories. The influence of physical conditions on the predominant crystal morphology was also studied. We found no evidence that the possible damaging effect of hydrate crystals should be less severe than of ice crystals.
Introduction
Currently, cryopreservation methods are widely used in science, medicine, agriculture, and biotechnology. There is an active search for a new effective method of cryopreservation, which would allow the cryopreservation of large biological objects-large tissue volumes and organs. Cooling bio-objects below 0 • C is associated with the formation of ice crystals and mechanical damage to cell membranes, which causes cell death. As a part of the search for new directions for the further development of cryopreservation technologies, the idea of using gas hydrates for cryopreservation was born in the late 60s [1] .
Gas hydrates are ice-like substances, the crystalline framework of which are composed of water molecules linked to one another by hydrogen bonds. The framework contains cavities (cages), which accommodate guest molecules. The guest molecules in gas hydrates should be 0.38-0.92 nm in diameter and can be represented by inert gas atoms, lower hydrocarbon molecules, Freon molecules and so on [2, 3] . Theoretically, the inert gas atoms could be considered candidates for controlled formation of a multitude of small crystals in an object, which, due to their size (no more than an estimated 300-400 nm), will not damage cellular structures. In contrast to classical cryoprotectants, inert gases Figure 1 . A unit cell of the cubic structure I (CS-I) gas hydrates (• -oxygen atoms, ○ -gas molecules included) [2] .
With a strong anesthetic effect, xenon is considered to be the best yet expensive inhalation anesthetic and is officially approved for application in several countries including Russia and Germany. Finally, xenon has been used in a limited number of cryobiological studies with positive effects [6] [7] [8] [9] [10] [11] . One of the leading ideas that is repeated in these works is the less traumatic effect of gas hydrates compared to ice. In fact, gas hydrates have a looser structure, and the geometry of the crystals of gas hydrates more resembles the safer cubic ice than hexagonal ice. We can expect that the mechanical damage to cells that is caused by gas hydrate crystals will be lower compared to the action of ice crystals. But this hypothesis should be confirmed at the microscopic level.
Since the main components of the hydrate formation process are water and gas molecules, at the initial stage it seems reasonable to model the formation of a hydrate in aqueous solutions and biological fluids with a detailed study of the size and morphology of gas hydrate crystals. For the formation of gas-hydrate sites, it is necessary to create the driving force of the process, namely, exceeding the gas pressure above the equilibrium or lowering the temperature below the equilibrium. Due to the delayed nucleation of the hydrate, the liquid under the pressure of the gas-forming hydrate may exist in a metastable state for a long time. This time depends on the temperature of the metastable liquid, the gas pressure, the presence of heterogeneous nucleation centers in the liquid and their activity [2, [12] [13] [14] [15] [16] [17] [18] [19] .
In the present study, we focus on the microscopic evaluation of morphological forms of xenon hydrate crystals obtained under various conditions. Figure 1 . A unit cell of the cubic structure I (CS-I) gas hydrates ( -oxygen atoms, -gas molecules included) [2] .
Materials and Methods

Preparation of Xenon Hydrates
In the present study, we focus on the microscopic evaluation of morphological forms of xenon hydrate crystals obtained under various conditions.
Materials and Methods
Preparation of Xenon Hydrates
Xenon hydrates were obtained in a titanium chamber with an observation window ( Figure 2 ). The chamber was placed into a thermostable jacket connected to continuous circulation chiller (Huber Ministat 230 w, Huber, Offenburg, Germany). The gas from a high-pressure cylinder was fed through a tube, connected to a pressure regulator (with an accuracy of 0.1 atm). The temperature of the chamber was monitored with a built-in thermocouple (with an accuracy of 0.1 • C).
Xenon hydrates were obtained in a titanium chamber with an observation window (Figure 2) . The chamber was placed into a thermostable jacket connected to continuous circulation chiller (Huber Ministat 230 w, Huber, Offenburg, Germany). The gas from a high-pressure cylinder was fed through a tube, connected to a pressure regulator (with an accuracy of 0.1 atm). The temperature of the chamber was monitored with a built-in thermocouple (with an accuracy of 0.1 °C).
Figure 2.
Schematic diagram of titanium pressure chamber for studying samples at elevated pressure: 1-body; 2-main compartment, volume = 1 ml, place of installation of the upper observation window; 3-place of installation of the lower observation window; 4-reserved volume compartment, V = 1 ml; place of installation of the additional upper observation window; 5-gas channels; 6-inlet fitting; 7-outlet fitting, plug.
A drop of high purity deionized water with a resistivity of 17 MΩ·cm (5-20 µl) was put on the inner surface of the lower observation window (diameter Ø = 20 mm) or on a special glass insert inside the main compartment, after which the residual air was removed by a slow xenon flow. After that, the xenon was forced into the main compartment to a pressure P = 5-8 atm (gauge pressure).
To form gas hydrates, the pressure chamber was placed in a thermostat at +4°C for 12-32 hours. A temperature of +4°C was taken as the common hypothermic preservation temperature used for transplants. The equilibrium conditions of xenon hydrate formation are +4°C/2.3 atm and +15°C/8 atm [20] .
If gas hydrates were not formed within the specified time their formation was initiated by the additional cooling of the chamber to a temperature in the range of 0 to −14 °C. The use of a thermostatically controlled pressure chamber allowed us to carry out observations under conditions of controlled values of temperature and pressure. The study of the morphology of xenon hydrates was carried out in the temperature range of −14 to + 25 °С.
Visual Examination of Gas Hydrate Samples by Microscopy
The microscopes used were a Leica MZ16A stereomicroscope (Leica, Wetzlar, Germany), a ZEISS LSM 510 META laser scanning confocal microscope (Axioplan 2 Imaging microscope, Carl Zeiss, Jena, Germany), a Leica TCS SP5 (Leica, Wetzlar, Germany) laser scanning confocal microscope, and an Axio Imager Z1 universal research microscope (Carl Zeiss, Jena, Germany). Also, a wide range of lenses were used. This allowed us to study crystals in the size range from a few microns to hundreds of microns.
With a laser scanning confocal microscope xenon hydrate crystal samples were studied in two observation modes, which included observation in reflected light at a wavelength of 488 nm and observation in transmitted light using a differential interference contrast (DIC) method. The study of Figure 2 . Schematic diagram of titanium pressure chamber for studying samples at elevated pressure: 1-body; 2-main compartment, volume = 1 mL, place of installation of the upper observation window; 3-place of installation of the lower observation window; 4-reserved volume compartment, V = 1 mL; place of installation of the additional upper observation window; 5-gas channels; 6-inlet fitting; 7-outlet fitting, plug.
A drop of high purity deionized water with a resistivity of 17 MΩ·cm (5-20 µL) was put on the inner surface of the lower observation window (diameter Ø = 20 mm) or on a special glass insert inside the main compartment, after which the residual air was removed by a slow xenon flow. After that, the xenon was forced into the main compartment to a pressure P = 5-8 atm (gauge pressure).
To form gas hydrates, the pressure chamber was placed in a thermostat at +4 • C for 12-32 h. A temperature of +4 • C was taken as the common hypothermic preservation temperature used for transplants. The equilibrium conditions of xenon hydrate formation are +4 • C/2.3 atm and +15 • C/8 atm [20] .
If gas hydrates were not formed within the specified time their formation was initiated by the additional cooling of the chamber to a temperature in the range of 0 to −14 • C. The use of a thermostatically controlled pressure chamber allowed us to carry out observations under conditions of controlled values of temperature and pressure. The study of the morphology of xenon hydrates was carried out in the temperature range of −14 to + 25 • C.
With a laser scanning confocal microscope xenon hydrate crystal samples were studied in two observation modes, which included observation in reflected light at a wavelength of 488 nm and observation in transmitted light using a differential interference contrast (DIC) method. The study of xenon hydrates on a stereomicroscope was carried out according to the method of transmitted light and side-illumination.
So that the atmospheric moisture did not condense on the viewing window and did not degrade the image of the test sample, observations were made through a thin layer of ethanol, which was applied to the external surface of the upper observation window. To study the processes on the surface and in the internal volume of a water drop, various observation windows of the main compartment were used including quartz, glass, and leuco sapphire. Glass and quartz windows can be considered hydrophilic, while leuco sapphire windows are hydrophobic. The use of sapphire made it possible to investigate both the surface of the drop and its depth since a drop of water on the window surface assumes a spherical shape.
The processes of growth and decomposition of xenon hydrate crystals were controlled by the smooth regulation of temperature and pressure and were observed using a microscope.
Results
The Induction Time of Xenon Hydrate Formation
The nucleation of a solid phase is the limiting stage of the formation and growth of xenon hydrates from a drop of liquid water. The time interval between the moment when the system (liquid + hydrate-forming agent) becomes metastable, and the moment when the onset of hydrate formation is detected (induction time) is a highly random variable, which is clearly confirmed in the present work. The observed induction time of xenon hydrate varied from several minutes to several days in a series of experiments under similar conditions (+4 • C, 8 atm). However, after the formation of the initial hydrate masses, a rapid growth of xenon hydrates was observed. Figure 3 shows the hydrate growth after the initial formation with a linear growth rate that was in the range of 10-30 µm/min ( Figure 3 ). xenon hydrates on a stereomicroscope was carried out according to the method of transmitted light and side-illumination. So that the atmospheric moisture did not condense on the viewing window and did not degrade the image of the test sample, observations were made through a thin layer of ethanol, which was applied to the external surface of the upper observation window. To study the processes on the surface and in the internal volume of a water drop, various observation windows of the main compartment were used including quartz, glass, and leuco sapphire. Glass and quartz windows can be considered hydrophilic, while leuco sapphire windows are hydrophobic. The use of sapphire made it possible to investigate both the surface of the drop and its depth since a drop of water on the window surface assumes a spherical shape.
Results
The Induction Time of Xenon Hydrate Formation
The nucleation of a solid phase is the limiting stage of the formation and growth of xenon hydrates from a drop of liquid water. The time interval between the moment when the system (liquid + hydrate-forming agent) becomes metastable, and the moment when the onset of hydrate formation is detected (induction time) is a highly random variable, which is clearly confirmed in the present work. The observed induction time of xenon hydrate varied from several minutes to several days in a series of experiments under similar conditions (+4 °C, 8 atm). However, after the formation of the initial hydrate masses, a rapid growth of xenon hydrates was observed. Figure 3 shows the hydrate growth after the initial formation with a linear growth rate that was in the range of 10-30 µm/min ( Figure 3) . 
The Variety of Morphological Forms of Xenon Hydrate under Different Conditions
The initial stage of any experiment involved a supercooling period under the same conditions at +4 • C and 8 atm, mainly for 8-16 h. If there was no hydrate observed we performed additional cooling until the phase transition took place. It was shown that under similar conditions a variety of different morphological forms of xenon hydrates were formed.
The Cubic Form of Xenon Hydrate
The cubic form is composed of single crystals or their separately arranged clusters (Figures 4 and 5) . Cubic crystals can be sized from 10 to 500 µm. These crystals may contain inclusions or the defects on the surface of crystal faces. (Figure 4a,b) . This regular crystal type, which corresponds to the symmetry of the crystal lattice, can be formed under conditions that ensure slow crystal growth. For the experiment presented in Figure 5 , the low growth rate was due to the slow condensation of water vapor. Water vapors were formed in the main compartment with gradual evaporation of a part of the liquid from the surface of the drop for 16-18 h at +4 • C, and partial decompression of the chamber from 8 to 2.3 atm. 
The Dense Fine-Grained Form of Xenon Hydrate
The dense fine-grained form is composed of elements no larger than 3-5 μm ( Figure 6 ). These crystals were formed after an additional cooling stage at -10 ~ -13 °C, p (Xe) = 8 atm in the drop applied to the inner surface of the hydrophilic observation window. With a sufficient amount of water vapor inside the pressure chamber, a thin dense layer of crystallites grew around the crystallized droplet (Figures 3 and 6 ). The growth rate was proportional to the temperature and the partial pressure of water vapor. 
The dense fine-grained form is composed of elements no larger than 3-5 µm (Figure 6 ). These crystals were formed after an additional cooling stage at −10~-13 • C, p (Xe) = 8 atm in the drop applied to the inner surface of the hydrophilic observation window. With a sufficient amount of water vapor inside the pressure chamber, a thin dense layer of crystallites grew around the crystallized droplet (Figures 3 and 6 ). The growth rate was proportional to the temperature and the partial pressure of water vapor.
As well known from the literature, in a stable water-gas interface (which is formed in the optical cell), as a rule, a more or less dense hydrate film is formed. This is due to the sticking of hydrate crystals formed on the surface. The growth of such films can proceed at a high rate-3-40 mm/min [21] [22] [23] [24] [25] [26] . The thickness of the film formed is inversely proportional to the driving force of the process [27] . The morphology of the growth front of a hydrate film formed at small (less than 2 • C) and large supercooling differs significantly [28] . As well known from the literature, in a stable water-gas interface (which is formed in the optical cell), as a rule, a more or less dense hydrate film is formed. This is due to the sticking of hydrate crystals formed on the surface. The growth of such films can proceed at a high rate-3-40 mm/min [21] [22] [23] [24] [25] [26] . The thickness of the film formed is inversely proportional to the driving force of the process [27] . The morphology of the growth front of a hydrate film formed at small (less than 2°C) and large supercooling differs significantly [28] .
The Whisker Form of Xenon Hydrate
The whisker form (Figure 7 ) arose in the supercooled system (15 °C lower than equilibrium conditions). Large filamentous crystals were formed as curving outgrowths of considerable length (up to several mm) 30-100 µm width (Figure 7a ). This form is a dense cluster of crystallites with a size of 5-15 µm, assembled into expanded structures (Figure 7b ). The growth of this form was observed from a drop of 30-50 µl at a temperature of ~0 °C after an additional cooling stage and xenon pressure of 8 atm. The threads were oriented in random directions and can randomly bend at different angles. Growth occurs due to the formation of a solid phase at the free ends of the filaments through an intermediate liquid phase. The gas diffuses through a thin film of liquid and precipitates as a hydrate on the crystal surface. The growth rate is estimated at 100-300 µm/min.
Thin filamentous crystals are formed by chaotically curving thin outgrowths 10-20 µm width (Figure 7c,d) . The formation of this form occured during the condensation of water vapor on the fresh surface of a crystallized drop both above and below 0 °C and at a xenon pressure of 5-8 atm. Often the fracturing of thin filaments could be observed, because of their own weight. 
The whisker form (Figure 7 ) arose in the supercooled system (15 • C lower than equilibrium conditions). Large filamentous crystals were formed as curving outgrowths of considerable length (up to several mm) 30-100 µm width (Figure 7a ). This form is a dense cluster of crystallites with a size of 5-15 µm, assembled into expanded structures (Figure 7b ). The growth of this form was observed from a drop of 30-50 µL at a temperature of~0 • C after an additional cooling stage and xenon pressure of 8 atm. The threads were oriented in random directions and can randomly bend at different angles. Growth occurs due to the formation of a solid phase at the free ends of the filaments through an intermediate liquid phase. The gas diffuses through a thin film of liquid and precipitates as a hydrate on the crystal surface. The growth rate is estimated at 100-300 µm/min.
Thin filamentous crystals are formed by chaotically curving thin outgrowths 10-20 µm width (Figure 7c,d) . The formation of this form occured during the condensation of water vapor on the fresh surface of a crystallized drop both above and below 0 • C and at a xenon pressure of 5-8 atm. Often the fracturing of thin filaments could be observed, because of their own weight. 
The Acicular form of Xenon Hydrate
The acicular form of xenon hydrate looks like a straight elongated thin crystal with a length of 100-300 μm and a width of 15-25 μm (Figure 8 ). The growth of this form was observed at a temperature of 0 °C in the process of an additional cooling from +4 °C to 0 °C and xenon pressure of 8 atm.
These dendrites up to several hundred μm in length emerge at the boundary of the surface of a fine-grained form and liquid.
From the literature, it is known that after coating the entire surface of the liquid with hydrate, a hydration film grows in thickness. As the thickness of the hydrate layer increases, the reaction rate decreases rapidly until it completely stops. The dependence of the growth rate of the hydration layer on the driving force is close to exponential and is controlled by heat removal [27, 29] . With supercooling above 3 °C, the growing layer of methane or ethane hydrate consists of acicular and triangular crystallites [30] . A similar pattern is established for xenon hydrate. 
The acicular form of xenon hydrate looks like a straight elongated thin crystal with a length of 100-300 µm and a width of 15-25 µm (Figure 8 ). The growth of this form was observed at a temperature of 0 • C in the process of an additional cooling from +4 • C to 0 • C and xenon pressure of 8 atm.
These dendrites up to several hundred µm in length emerge at the boundary of the surface of a fine-grained form and liquid.
From the literature, it is known that after coating the entire surface of the liquid with hydrate, a hydration film grows in thickness. As the thickness of the hydrate layer increases, the reaction rate decreases rapidly until it completely stops. The dependence of the growth rate of the hydration layer on the driving force is close to exponential and is controlled by heat removal [27, 29] . With supercooling above 3 • C, the growing layer of methane or ethane hydrate consists of acicular and triangular crystallites [30] . A similar pattern is established for xenon hydrate. 
The Massive Form of Xenon Hydrate
The massive form cannot be clearly classified and may differ in appearance ( Figure 9 ). This may be a matte or transparent crystal with no specific shape. With a pressure of xenon of 8 atm, the temperature of formation of a massive form can vary from −13 to +4 °C. Xenon hydrates in Figure 9 were formed at a temperature of −10 °C after an additional cooling step during the condensation of water vapor in the edge areas of a crystallized drop (Figure 9a ) or inside a liquid supercooled drop (the direction of crystal growth was from the water gas interface into the liquid) (Figure 9b ). 
The massive form cannot be clearly classified and may differ in appearance ( Figure 9 ). This may be a matte or transparent crystal with no specific shape. With a pressure of xenon of 8 atm, the temperature of formation of a massive form can vary from −13 to +4 • C. Xenon hydrates in Figure 9 were formed at a temperature of −10 • C after an additional cooling step during the condensation of water vapor in the edge areas of a crystallized drop (Figure 9a ) or inside a liquid supercooled drop (the direction of crystal growth was from the water gas interface into the liquid) (Figure 9b) .
In our study, we observed many experiments with the prevalence of one particular morphological form. At the same time, several morphological types of xenon hydrate could coexist simultaneously during one experiment. Figure 10 shows the example of a mixed sample with fine-grained, filamentous and massive forms (Figure 10 ). In our study, we observed many experiments with the prevalence of one particular morphological form. At the same time, several morphological types of xenon hydrate could coexist simultaneously during one experiment. Figure 10 shows the example of a mixed sample with finegrained, filamentous and massive forms (Figure 10 ). 
The Prospect of Extremely Rapid Cooling to Obtain Small Sized Xenon Hydrate Crystals
All of the morphological types of xenon hydrates described above were formed in «mild conditions» with a low cooling rate (1-5 °C/min) and overcooling, not more than 10-25 °C. We found no evidence that the possible damaging effect of observed hydrate crystals should be less severe than that of ice crystals. The initial model for biological experiments with hydrate preservation seems to be cell suspensions. We believe that the formation of crystal forms observed in this work (for example needle-shaped crystals) in the extracellular environment will mechanically damage the cells (the safe formation of hydrates inside the cell is an even more complicated matter). However, at high cooling rates to a temperature of −100 °C in 1-2 seconds, fine-grained crystals of xenon hydrate ( Figure 11 ) with a grain size of ~1-5 μm form. The formation of xenon hydrate was initiated by rapid deep cooling of the sapphire observation window, on which there was a drop of water saturated with xenon. Ethyl alcohol cooled with liquid nitrogen to −100 ± 5 °C was applied to the external surface of the observation window, which caused phase transition. The crystalline phase available for observation had a fine-grained structure with the size of individual elements no more than 5 μm. The temperature of the sapphire window within 10 minutes returned to +4 °C. During this time, no notable change occurred in crystal image. Additional observation at the positive temperatures for one hour also did not reveal any significant transformation. We do not have exact data to answer the question of which phase arose initially-water ice or xenon hydrate or numerical value of ice/hydrate ratio, also we believe that this ratio is more on the hydrate side as the intersection of zero temperature during heating did not shift the observed system. There were no visible violations (voids, cracks) of the crystallized drop. These fine-grained crystals of xenon hydrate may have the least traumatic effect on the frozen biological objects. Unfortunately, the rapid cooling at such a high rate cannot be reached in the process of cryopreservation of massive tissues or organs. 
All of the morphological types of xenon hydrates described above were formed in «mild conditions» with a low cooling rate (1-5 • C/min) and overcooling, not more than 10-25 • C. We found no evidence that the possible damaging effect of observed hydrate crystals should be less severe than that of ice crystals. The initial model for biological experiments with hydrate preservation seems to be cell suspensions. We believe that the formation of crystal forms observed in this work (for example needle-shaped crystals) in the extracellular environment will mechanically damage the cells (the safe formation of hydrates inside the cell is an even more complicated matter). However, at high cooling rates to a temperature of −100 • C in 1-2 s, fine-grained crystals of xenon hydrate ( Figure 11 ) with a grain size of~1-5 µm form. The formation of xenon hydrate was initiated by rapid deep cooling of the sapphire observation window, on which there was a drop of water saturated with xenon. Ethyl alcohol cooled with liquid nitrogen to −100 ± 5 • C was applied to the external surface of the observation window, which caused phase transition. The crystalline phase available for observation had a fine-grained structure with the size of individual elements no more than 5 µm. The temperature of the sapphire window within 10 min returned to +4 • C. During this time, no notable change occurred in crystal image. Additional observation at the positive temperatures for one hour also did not reveal any significant transformation. We do not have exact data to answer the question of which phase arose initially-water ice or xenon hydrate or numerical value of ice/hydrate ratio, also we believe that this ratio is more on the hydrate side as the intersection of zero temperature during heating did not shift the observed system. There were no visible violations (voids, cracks) of the crystallized drop. These fine-grained crystals of xenon hydrate may have the least traumatic effect on the frozen biological objects. Unfortunately, the rapid cooling at such a high rate cannot be reached in the process of cryopreservation of massive tissues or organs. 
« Memory» Effect
The induction time of gas hydrate formation for melted water, or for water obtained by decomposition of the hydrate, is much lower than for intact water. [2, 12, [31] [32] [33] . It is assumed that as a result of the dissociation of a hydrate, either fragments of the hydrate structure are preserved or a supersaturated solution of the gas in water is formed. And this leads to an increase in the driving force of hydrate formation.
We found that in a liquid formed after the dissociation of xenon hydrate, the repeated formation of crystals occured faster and at a higher temperature at the same pressures (5-8 atm). Thus, the initial formation of xenon hydrate from a supercooled drop of water occurs at a temperature not higher than +4 °C and may take 8-32 hours. The completely melted xenon hydrate can be re-formed within 1-2 minutes after cooling the chamber slightly below the equilibrium temperature (+14 °C at 5 atm). The effect of accelerated hydrate formation persists for at least 1 hour after melting at +20 ~ +25 °C.
We believe that after the dissociation of xenon hydrate, nucleation sites in the formed liquid remain for some time. It is noteworthy that the xenon hydrate re-formed near the equilibrium temperature differed in morphology from the original. Figure 12 shows massive crystals (50-100 μm) emerged instead of fine-grained hydrate (2-5 μm). 
«Memory» Effect
The induction time of gas hydrate formation for melted water, or for water obtained by decomposition of the hydrate, is much lower than for intact water [2, 12, [31] [32] [33] . It is assumed that as a result of the dissociation of a hydrate, either fragments of the hydrate structure are preserved or a supersaturated solution of the gas in water is formed. And this leads to an increase in the driving force of hydrate formation.
We found that in a liquid formed after the dissociation of xenon hydrate, the repeated formation of crystals occured faster and at a higher temperature at the same pressures (5-8 atm). Thus, the initial formation of xenon hydrate from a supercooled drop of water occurs at a temperature not higher than +4 • C and may take 8-32 h. The completely melted xenon hydrate can be re-formed within 1-2 min after cooling the chamber slightly below the equilibrium temperature (+14 • C at 5 atm). The effect of accelerated hydrate formation persists for at least 1 h after melting at +20~+25 • C.
We believe that after the dissociation of xenon hydrate, nucleation sites in the formed liquid remain for some time. It is noteworthy that the xenon hydrate re-formed near the equilibrium temperature differed in morphology from the original. Figure 12 shows massive crystals (50-100 µm) emerged instead of fine-grained hydrate (2-5 µm). 
Discussion
First, we would like to briefly recapitulate our key findings. 
First, we would like to briefly recapitulate our key findings. 1. A microscopic study of xenon hydrate morphology has been conducted for the first time. The morphology of crystals observed in the experiments was described and classified into five categories including the cubic, fine-grained, whisker, acircular and massive forms.
2. Among the various morphological types of xenon hydrate, there are those whose formation can potentially damage biological objects, for example, acicular crystals.
3. The formation of a small-sized (less than 5 µm) fine-grained crystals is also possible with rapid cooling to low temperatures (to −100 • C within 1-2 s). We assume that this morphological type is the least traumatic for biological objects during formation in the extracellular environment. It is also believed that the cubic form of the crystals has a less damaging effect on cells than the hexagonal one. This conclusion was made in a study of cubic ice, which is formed from hexagonal ice under certain conditions [34] . The formation of fine-grained crystals during rapid cooling can be useful for cryopreservation of cells in small volumes.
4. The limiting stage in the formation and growth of xenon hydrate from a drop of water is the nucleation of a solid phase. A gas-saturated drop may be in a metastable state for more than a day, but after the appearance of the first nucleation sites, it takes a significantly shorter time from a few seconds to several minutes to turn all water into hydrate. It follows from the crystallization theory that in a metastable state, nucleation sites continuously form in water, but they are thermodynamically unstable and do not lead to the growth of large crystals. Thus, even in the metastable state, part of the water is associated with the hydrate. Consequently, this phenomenon can be used to develop hybrid technologies that connect the features of conventional cryopreservation and vitrification. It can help to achieve vitrification when choosing a suitable hydrate formation inhibitor, which would allow cooling under gas pressure aqueous solutions to glass transition temperature without forming a large mass of hydrates.
5. The time of hydrate formation from xenon-saturated supercooled water varies. This indicates that the formation of hydrates is stochastic. To speed up the process, it is necessary to increase the driving force of hydrate formation, namely, to increase the pressure or lower the temperature.
6. When the xenon hydrate is re-formed from the melted hydrate water less time is required, and hydrate formation occurs with less supercooling. Apparently, the nucleation sites remain in the water for some time after the decomposition of the hydrate. This phenomenon can be used as an additional factor to control the hydrate formation by stabilizing initial conditions for this process.
Optical microscopy is a direct method for monitoring processes on a real-time scale. In a number of studies, optical microscopy was used to observe the formation and growth of hydrate crystals predominantly obtained from hydrocarbon gases [30, 35, 36] . In [35] , the growth of hydrate was observed in a sealed cell under gas pressure. As for the inert gases, we found only one study dedicated to microscopy of single crystalline argon hydrate at high pressures [37] . Comparing the accumulated data, we believe that all gas hydrates, especially of the same crystal lattice like xenon and methane, shows close morphology and can be found in the forms described in the results section.
The formation of gas hydrates as an approach to cryopreservation is still virtually unexplored. The number of publications that deal with the use of gases that are capable of forming stable gas hydrates in cryopreservation is limited and at most summarized in the review [11] .
A fairly new scientific direction where gas hydrate meets the biological tissue is the food storage industry. It is expected that gas hydrate can be used to preserve fresh fruits and vegetables by suppressing the water mobility in living cells, and its application could contribute to the processing of frozen food [38] .
As for biomedical research, in a recent study, Ponomarev et al. addressed the effect of hyperbaric xenon (P = 3 atm) and water-xenon hydrates (P ≥ 6 atm) on 30 day preservation of red blood cells (RBC) at +4 • C [39] . The number of RBCs that retained their functional capacity after preservation was lower in the group of xenon hydrate compared to control. This confirms the damaging role of hydrate crystals in the similar conditions we used to study xenon hydrate morphology. The obvious problem of hydrate preservation is a dissociation step. Gas hydrates associate a large amount of gas. Upon decomposition of 1 mL of xenon hydrate, about 130-170 mL of gas are released (depending on the density of the gas hydrate). The rapid release of this amount of gas in living tissues can lead to serious damage.
Another problem that also should be mentioned is the expansion coefficient, i.e., water specific volume increase during hydrate formation, which is greater than that of ice. It is impossible to directly determine the expansion coefficient of water during its transition to the hydrate phase. If we take the analogy for the transformation of liquid water into ice, then, in this case, there is a phase transition of one substance (water) from the liquid phase to the solid. By comparing the volume of water and the volume of ice, one can determine the coefficient of expansion. In the case of the transformation of water into a hydrate, a solid phase is formed on the basis of the interaction of two substances-liquid water and gas. The volume of hydrate is not difficult to determine, whereas the sum of the volume of water and gas is hard to measure. Using a certain value characterizing the coefficient of expansion, one can enter a value equal to the ratio of the volume of hydrate to the volume of liquid water, fully incorporated into the hydrate. The expansion coefficient, in this case, will be about 1.3 compared to the 1.1 of water ice.
When considering the above obstacles including the morphology of xenon hydrates at examined conditions, the problems of decompression and the expansion coefficient it is easy to question the hydrate preservation approach. However, we advocate against hasty decisions. First, the amount of data accumulated on this issue is very limited. In order to create new preservation technology, the physicochemical basis of interaction of xenon with liquid water, ice, and biological structures must be understood at the microscopic level. There is no yet theoretical model that would help us to reliably predict phase transitions in the xenon-water system under supercooling conditions. We do not exclude that it will be possible to find the right set of conditions, which will allow obtaining small-sized xenon hydrate crystals at a low cooling rate. The following factors should be considered as a control levers for directed crystal formation: Temperature, pressure, water volume, quantitative ratio of xenon and water, substrate material, production method (in volume, in a drop, in a thin layer on the substrate surface, in pores with a developed surface), the presence of an external influence (acoustic-mechanical vibrations) and also a «Memory» effect. Second, in the conventional cryopreservation approach, we seek to bind only the part of intracellular water and to transform the rest into a glassy state. The properties of gas hydrates could provide the opportunity for the development of hybrid technologies that combine controlled binding of water into hydrate structures and vitrification. In general, we believe that hydrate preservation is a fairly new and promising field of research.
